The natural nanomineral ferrihydrite is an important component of many environmental and soil systems and has been implicated as the inorganic core of ferritin in biological systems. Knowledge of its basic structure, composition, and extent of structural disorder is essential for understanding its reactivity, stability, and magnetic behavior, as well as changes in these properties during aging. Here we investigate compositional, structural, and magnetic changes that occur upon aging of "2-line" ferrihydrite in the presence of adsorbed citrate at elevated temperature. Whereas aging under these conditions ultimately results in the formation of hematite, analysis of the atomic pair distribution function and complementary physicochemical and magnetic data indicate formation of an intermediate ferrihydrite phase of larger particle size with few defects, more structural relaxation and electron spin ordering, and pronounced ferrimagnetism relative to its disordered ferrihydrite precursor. Our results represent an important conceptual advance in understanding the nature of structural disorder in ferrihydrite and its relation to the magnetic structure and also serve to validate a controversial, recently proposed structural model for this phase. In addition, the pathway we identify for forming ferrimagnetic ferrihydrite potentially explains the magnetic enhancement that typically precedes formation of hematite in aerobic soil and weathering environments. Such magnetic enhancement has been attributed to the formation of poorly understood, nano-sized ferrimagnets from a ferrihydrite precursor. Whereas elevated temperatures drive the transformation on timescales feasible for laboratory studies, our results also suggest that ferrimagnetic ferrihydrite could form naturally at ambient temperature given sufficient time.
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crystal structure | disorder | nano-sized ferrimagnets | soil formation | strain T he structural and physical properties of ferrihydrite, an exclusively nano-sized ferric oxyhydroxide, are of importance in explaining its chemical reactivity and wide variety of occurrences. In both pristine and contaminated soils and sediments, ferrihydrite acts as a natural filter of inorganic contaminants through sorption reactions, thus affecting their transport and fate in the environment. Biomineralization of ferrihydrite as the inorganic iron core in ferritin-the protein mainly involved in iron storage and homeostasis in the human body-also occurs in a vast number of organisms (1) . Bloom-forming marine diatoms, for example, use ferritin for enhanced iron storage (2) , which suggests that ferrihydrite may also have underlying importance in primary productivity in the world's oceans.
A well-known example of a nanomineral (3), ferrihydrite has no known crystalline counterpart formed in the laboratory or found in nature. As such, the basic crystal structure (4) (5) (6) (7) and physical properties of ferrihydrite [e.g., density, composition (7, 8) , and magnetic properties (9) (10) (11) (12) (13) (14) ] have remained controversial. A variety of structural models have been proposed for ferrihydrite (see (4) for review) but all have proven difficult to confirm unequivocally by conventional crystallographic techniques. The most recent model, and arguably the most complete, was derived from analysis of the pair distribution function of x-ray total scattering data that suggested that the ferrihydrite structure, although disordered, could be described using a single structural phase (6) . However, this model has since received criticism for giving a composition that is anomalously H-poor (7) as well as not fully satisfying the observed diffraction features (7), calculated bond valence sums (5), or the measured density (7, 8) of ferrihydrite. In addition, ferrihydrite, whether natural or synthetic, is generally found to be antiferromagnetic with superparamagnetic behavior at ambient temperature [see (15) and references therein]. Several studies also suggested an additional ferromagnetic-like component attributed to the presence of uncompensated surficial spins (16, 17) , but this has been difficult to confirm due to the uncertainty regarding the relationships between magnetic behavior and basic crystal structure. The metastability of ferrihydrite, particularly at elevated temperatures, has led to added ambiguity regarding the ordering temperature (i.e., Néel or Curie) because direct measurement is not feasible (9) . Nonetheless, it is generally accepted that ferrihydrite's metastability is related in part to inherent structural disorder, although the nature and extent of this disorder remain poorly defined.
Understanding the relationship between the structure and magnetic properties of ferrihydrite, as well as changes in both as a function of aging, is of particular importance because it provides independent constraints on ferrihydrite structure and compositional variations with aging. Being antiferromagnetic at ambient temperature (15, 18) and with only a weak ferrimagneticlike component, ferrihydrite is normally not considered in the interpretation of magnetic enhancement in soils on Earth (19) or Mars (20) , nor is it considered useful in the tailoring of functional ferrimagnetic nanomaterials, in contrast with the ferrimagnets magnetite (Fe 3 O 4 ) and maghemite (γ-Fe 2 O 3 ) (21, 22) . However, as will be shown below, ferrihydrite aged at different temperatures in the presence of selected anions undergoes a significant magnetic enhancement corresponding to the formation of an intermediate phase preceding its transformation into hematite (α-Fe 2 O 3 ) (11, (23) (24) (25) , and this phase may play an important role in the magnetic enhancement of aerobic soils. Additionally, such understanding may lead to new insights about the formation of biogenic magnetic phases in organisms. For example, ferritin-derived ferrihydrite in humans, with varying degrees of structural order, has been related to different neurodegenerative diseases (26) . In this regard, biogenic ferrimagnetic crystals, identified as magnetite, that have been found in human brain tissues (27) (28) (29) may originate from biodegradation of a ferrihydrite precursor.
Here we have synthesized a series of ferrihydrite samples with differing magnetic properties and structural order that allowed us to determine compositional and structural changes occurring with aging and to explain the enhanced magnetic properties mentioned above (see Methods Summary and SI Appendix). We used the atomic pair distribution function (PDF) derived from synchrotron high-energy x-ray total scattering to discriminate between competing structural models and detect subtle structural changes in the transformation of ferrihydrite to hematite. Both real-and reciprocal-space fitting of the total scattering show that the precursor ferrihydrite (disordered with antiferromagnetic-like behavior) undergoes a series of changes that lead to an ordered ferrimagnetic phase (ferrifh) with significantly larger particle size (10-12 nm), far fewer cation vacancies, and less lattice strain than its disordered precursor. The detailed characterization results represent a critical advance in our understanding of ferrihydrite because we are now able to validate the structural model proposed by Michel et al. (6) and show how prior inconsistencies in its diffraction characteristics, calculated bond valence sums, density, and composition can be explained. in the presence of citrate, the structural transformation to hematite is complete. During the first 8 h of aging, corresponding to the period of significant magnetic enhancement (Fig. 1B) , an extended set of diffraction maxima develop from regions formerly dominated by diffuse scattering (see SI Appendix) with no indication of a structural transformation prior to that involving the formation of hematite. These changes signal the formation of the ferrifh phase.
Results & Discussion
The transition from fh to ferrifh is accompanied by changes in particle size and composition. Relative to the precursor fh, the average particle size of the nonhematite fraction, as indicated by transmission electron microscopy, increases by approximately 200% ( Fig. 2A ) and corresponds to an approximately 50% decrease in specific surface area (Fig. 2B , see SI Appendix). In addition, density (Fig. 2B ) and total Fe (Fig. 2C ) of the solid phase during the initial 8 h aging period increased by 15% and 18%, respectively, and are related inversely to the amount of water lost (OH − , H 2 O) as determined by thermogravimetric analyses (TGA) (Fig. 2C) . Continuous weight losses, corresponding to the removal of loosely bound or surface-adsorbed water (<125°C) and dehydroxylation of more strongly bound structural water (>125°C), are observed by TGA. For example, fh undergoes weight losses of 7% and 20% when heated to 125°C and 1000°C, respectively. After 8 h of aging, the losses are 2% and 8%, respectively, and the final hematite product has a total weight loss of only approximately 2% (see SI Appendix).
The Fourier transform of the normalized total scattering (a portion of which is shown in Fig. 1A ) results in the PDF, or GðrÞ function (see Methods Summary), and gives the probability of finding an atom at a given distance r from another atom (31). The real-space distribution of atom-atom correlations in the PDFs also shows variations with aging (Fig. 3A , see SI Appendix) but with the following important advantage over the analysis of reciprocalspace scattering: The PDF is sensitive to variations in short-(r < ∼5 Å) and intermediate-range (r < ∼15-20 Å) order (31) . Indeed, real-space analysis of the PDFs allows phase identification and estimation of phase abundances, provides quantitative structural information, and, in certain cases, helps to discriminate between competing structural models (see SI Appendix).
Chemometric analysis provides a quantitative means of determining the number of phases consistent with the PDF data (see Methods Summary). The factor indicator (IND) function provides compelling evidence for the presence of only three distinct solid phases in our samples. A linear combination of the three dominant orthonormal basis vectors extracted from a singular value decomposition of the 13 PDFs, in fact, represents 99.8% of the variance of the PDF data. The multivariate curve resolution (MCR) method was used to rotate the three dominant vectors into real chemical space. These gave rise to individual PDFs for the fh, hematite, and an intermediate phase that can be ascribed to ferrifh (Fig. 3B ). There is a dramatic decrease in the concentration of the precursor ferrihydrite phase down to 14% by 8 h of aging time, with a concomitant increase in ferrifh, followed by hematite formation (Fig. 2B) . In contrast, in the absence of citrate, aging of fh results in transformation to hematite within 2 hr, with very little of the ferrifh intermediate observed (23) .
The three PDFs representing the three phases were fit with only two structural models: (i) The single-phase model of ferrihydrite (6), or (ii) the known hematite structure (Fig. 3B, see SI  Appendix) . Surprisingly, the PDFs for both fh and ferrifh could be satisfactorily fit by the structural model of ferrihydrite proposed by Michel et al. (6) . Additionally, the extracted structural parameters satisfy Pauling bond valence sums (see SI Appendix) and provide a remarkable reproduction of diffraction maxima for the sample aged for 8 h, thus providing strong evidence that the basic structure of the intermediate phase is indeed that of ferrihydrite (Fig. 3C, i) . Alternative structural models, such as maghemite and magnetite, are clearly inconsistent with the diffraction data (Fig. 3C, ii and iii) . Moreover, the basic ferrihydrite structure persists until rapid transformation to hematite occurs at t ¼> 11 h.
Variations in the intensities of particular correlations in the PDFs reflect subtle changes in the short-and intermediate-range order of fh that are attributable, in part, to an ordering phenomenon involving structural relaxation and the filling of partially vacant cation sites (Fig. 4A) . Our previous study of disordered ferrihydrite (6) suggested the presence of vacancies in both the octahedral (Fe2) and tetrahedral (Fe3) sites, but complete filling Fig. 4B and C, see SI Appendix). Refinement of the Fe site occupancy values during fitting of the experimental PDFs is consistent with these intensity increases and indicates that cation sites in the ferrihydrite structure are only fully occupied for samples with aging times ≥8 h (Fig. 4, Inset) . Relative to this low vacancy form of ferrihydrite and when considered along with the observed changes in total Fe, the number of vacancies in the Fe2 and Fe3 sites in fh are 45-50% each, which is higher than previously estimated (6) 
Size-dependent structural relaxation in ferrihydrite is indicated by systematic and anisotropic variations in lattice dimensions occurring during the transition from fh to ferrifh, consistent with a reduction in strain (Fig. 5) . These trends are observed in both real-and reciprocal-space fitting (see SI Appendix) and, during the initial 8 h aging, correspond to an approximately 1% increase in unit cell volume (see SI Appendix). If we consider the lattice parameter changes in ferrihydrite as a function of size, the data indicate that the sample with the smallest particles, i.e., that with the highest surface-to-volume ratio, is the most strained (Fig. 5, 
SI Appendix).
Composition and Density of Ferrihydrite. The high defect concentrations in the form of cation vacancies in fh result in substantial deviations between measured and predicted compositions and densities. By combining detailed structural information with measured total Fe and hydration losses from TGA, we are now able to propose a composition for disordered fh of Fe 8.2 O 8.5 ðOHÞ 7.4 þ 3H 2 O (see SI Appendix), which differs significantly from previously suggested compositions (15) , as well as that of ordered ferrifh (Fe 10 O 14 ðOHÞ 2 þ ∼H 2 O). The compositional changes result in a large density increase of ferrifh (4.85-4.9 g cm −3 ) relative to its disordered precursor (4.0-4.3 g cm −3 ) (8, 33) that is consistent with the filling of cation vacancies in the basic structural model of ferrihydrite (6) (SI Appendix). As will be shown below, the large magnetic enhancement in the ferrifh Origin of Ferrimagnetism in Ordered Ferrihydrite. M s and χ of the initial ferrihydrite are typical of 2-line ferrihydrite and signify the initial presence of a parasitic, weakly ferrimagnetic phase. Smooth increases in χ and M s (at 5 K) up to 58.5 A m 2 kg −1 (for t ¼ 11 h; see SI Appendix) during aging are concomitant with particle growth and specific changes in composition, keeping the basic structure of ferrihydrite.
A prior study using external-field 57 Fe Mössbauer spectroscopy indicated the presence of tetrahedral Fe(III) in a magnetically enhanced intermediate of ferrihydrite (24) . Note that the authors of that study assigned one tetrahedral Fe plus another octahedral Fe to "hydromaghemite" and one-third of the octahedral Fe to a residual "6-line ferrihydrite." These three Fe types are accounted for by the model proposed by Michel et al. (6) . The evidence presented here further supports the idea that ferrimagnetic behavior in ferrihydrite can result from the arrangement of magnetic moments at tetrahedral and octahedral Fe sites rather than from a new phase.
M s values of 20.4 and 58.5 A m 2 kg −1 correspond to 3 and 9μB per formula unit for samples at t ¼ 0 and 11 h, respectively. We explain this increase by proposing the existence of a ferrimagnetic structure in ferrifh consisting of magnetic moments in opposite directions and a net magnetization resulting from uncompensated electron spins probably at the octahedral positions (Fig. 6 , see SI Appendix). Based on the proposed structure of ferrihydrite (6) , if magnetic moments in all Fe3 (tetrahedral or A) and Fe2 (octahedral or B) sites are aligned with 4 spins in one direction and 6 spins opposing in Fe1 (octahedral or B) sites, as has been observed for hexagonal ferrites (34), a moment of 10μB is obtained (Fig. 6A) . Alternatively, if magnetic moments in A and B sites are aligned antiparallel, as in magnetite, a resulting moment of 30μB would be expected (see SI Appendix). The nanometer size of the particles could account for a further reduction in the magnetization due to spin canting down to the experimental values measured for the ordered ferrihydrite sample prepared in this study (9μB). Recent density functional theory calculations provide additional evidence that the model shown (Fig. 6 ) corresponds to the magnetic groundstate (35) .
Magnetic properties show strong size dependence. For example, M s decreases linearly for magnetite/maghemite nanoparticles with decreasing crystallite size (77 and 12 A m 2 kg −1 for particles of 13.5 and 4 nm in diameter, respectively) due to surface and internal spin canting (cation vacancy order-disorder) (36) . The high field irreversibility observed for samples at t ¼ 0 and 1 h, which is closely related to the existence of a certain degree of magnetic disorder, supports this assumption. Whether the origin of this magnetic disorder is related to the lack of crystallinity in the samples and/or the existence of some degree of cation vacancy disorder or is just a result of the reduced symmetry and uncompensated magnetic interactions of the surface spins is difficult to determine (36) . Moreover, filling A sites in a sample aged from t ¼ 0 to t ¼ 11 h reinforces A-B interactions and the alignment of B moments, leading to an increase in the saturation magnetization. It can be concluded that M s is therefore a structure-sensitive property for nanometer-sized particles and that it depends on the degree of cation site occupancy and surface and internal spin canting. Element-specific and (C) site-specific partials calculated from the refined structure of ordered ferrifh (Fig. 3B) . (Inset) Refined occupancies (%) from PDF analysis normalized for total Fe for three Fe sites in ferrihydrite during aging. Although both the ordered ferrifh and ferrimagnetic magnetite and maghemite have strong magnetism, they are essentially different in several key aspects. First, temperature-dependent magnetic measurements (37) revealed a ferrihydrite phase with a Curie temperature (T C ¼ 13°C) that is close to the value estimated by Berquó et al. (9) for Si-ferrihydrite. Due to the low T C , the ambient-temperature M s of the ordered ferrihydrite is highly reduced. Second, the coercivity of the ordered ferrihydrite at 5 K is much higher (52.5 mT) than that of magnetite and maghemite (typically only several tens of mT assuming that shape anisotropy is dominant). Therefore, the ordered ferrihydrite is characterized by both high coercivity (antiferromagnetism) and high magnetism (ferrimagnetism). Moreover, with increasing ordering, the antiferromagnetic-like behavior is gradually masked by the ferrimagnetism.
Previous studies have attributed the ferromagnetic-like moment of ferrihydrite to the presence of surface-uncompensated spins. Thus the ordered ferrihydrite (ferrifh) should be dominantly antiferromagnetic because the effect of the surfaceuncompensated spins is significant only for finer grained ferrihydrite particles (fh) (e.g., 2-3 nm). In contrast, our results show that ferrifh is ferrimagnetic, and the disordered surface spins decrease rather than increase the bulk M s for fh.
Does Ferrimagnetic Ferrihydrite Occur in Nature? A temperaturedependent magnetic study (37) suggested the presence of an intermediate maghemite-like phase with a T C of approximately 400°C. The present study, however, confirmed that the intermediate phase is essentially ordered ferrihydrite (ferrifh). The ferrihydrite → ordered ferrimagnetic ferrihydrite → hematite (fh → ferrifh → hm) transformation model is parsimonious and consistent with observations on the mineralogical and magnetic properties of soils from different geographic areas, as discussed in detail by Torrent et al. (38) . Thus, the coexistence of ferrimagnets and hematite in soils suggests that magnetic enhancement and hematite formation are concomitant, whereas there is a general absence of ferrimagnets in soils dominated by formation of goethite (α-FeOOH) (38, 39) . The alternative hypothesis that magnetic enhancement is preceded by microbially mediated Fe reduction (40, 41) -and Fe 2þ in the soil solution reacts with a Fe 3þ hydroxide phase to form magnetite (later oxidized to maghemite)-now appears unlikely because reduction of Fe 3þ to Fe 2þ requires the soil to be water-saturated for significant periods. Under these conditions, however, hematite is not formed (42) , and the magnetic enhancement is therefore low also due to the absence of ferrimagnets.
Magnetic measurements indicate that the grain size of the ferrimagnets in soils lies mostly near the superparamagnetic (SP)-single domain (SD) threshold (approximately 20-25 nm), with little differences between soils from different areas (43, 44) . This observation suggests a common origin of nano-sized soil ferrimagnets over a wide range of climatic conditions and initial input of natural magnetic phases. Although magnetic extracts of soils are commonly dominated by coarse-grained natural ferrimagnets that make characterization of nano-sized ferrimagnets in soils difficult by conventional methods (45) , transmission electron microscope images revealed the presence of 10-50 nm magnetic particles in soils from the Russian Steppes (41) . Fine-grained ferrimagnets in soils thus encompass the size range of ferrifh found in the present study.
Additional permissive evidence for the presence of ferrifh in magnetically enhanced soils is provided by the magnetic enhancement observed in the laboratory during the ambient-temperature aging of ferrihydrite in the presence of selected anions over hundreds of days (23) , which could be due to the formation of an ordered ferrihydrite intermediate, in light of results from the present study. Therefore, a similar transformation in soils at ambient temperature is also possible, particularly if ligands such as citrate and phosphate are present. Although the magnetic data for our samples do not exclude the presence of maghemite per se (see SI Appendix), we find no x-ray diffraction evidence in this study [or in similar experiments at 25-175°C (23)] for its formation. This finding is surprising given the qualitative similarities between the structures of ferrihydrite (6) and maghemite (15) and the fact that the stabilities of these phases have the following order: ferrihydrite < maghemite < hematite (46) . Our findings may also be important for understanding other transformation pathways such as disordered ferrihydrite → goethite (47, 48) .
Summary and Conclusions
This study has shown that there is no major difference in the overall structural topology between the disordered and ordered forms of ferrihydrite, and thus we are now able to confirm that the basic structure proposed for ferrihydrite (6) is verified in that it can reproduce both the real-space PDF and reciprocal-space diffraction data. We also propose a new composition for disordered ferrihydrite (Fe 8.2 O 8.5 ðOHÞ 7.4 þ 3H 2 O), derived from a combination of TGA and total Fe measurements and constrained by the crystal structure, which is no longer H-poor. In addition, we can explain the anomalously low measured density of disordered ferrihydrite as being due to cation vacancies. Specifically, the nature of disorder in 2-line ferrihydrite can be understood as consisting, in part, of a random distribution of iron vacancies in two specific cation sites that are likely charge-balanced by the incorporation of structural protons. Moreover, the filling of cation vacancies during the transition from disordered ferrihydrite to ferrimagnetic ferrihydrite leads to an ordering of the electron spin moments of iron and corresponding magnetic enhancement.
Although the findings presented here represent a significant advance in confirming the general topology of the disordered ferrihydrite structure, a full description of the positions of all atoms is not yet available. For example, the surface structure of ferrihydrite is virtually unexplored and may exhibit varying degrees of restructuring relative to the particle interior. Even though we have assumed a periodic structural model with cation vacancies that reproduces the diffraction data, the surface structure of disordered ferrihydrite is unlikely to be truly periodic, based on observed changes in cell parameters and strain with structural ordering and increasing particle size. Additionally, the positions and suggested charge-balancing role of protons in the ferrihydrite structure are yet to be confirmed. In light of these unknowns, a significant future challenge will be determining positions of atoms, including protons, at both the particle surfaces and in the interior structural framework. Perhaps, in situ temperature-dependent studies, for example using proton NMR spectroscopy or neutron scattering, will allow the separation of these contributions and provide further insight into these remaining questions.
Our results reveal the relationship between crystal structure and magnetic structure in ordered ferrihydrite, and we also identify a pathway that may explain the magnetic enhancement in aerobic soils that is associated with the formation of nano-sized ferrimagnets from a ferrihydrite precursor. Although the existence of ordered ferrimagnetic ferrihydrite in soils or in ferritin in biological systems has not yet been verified, confirmation of this phase in these systems is a challenging goal stimulated by the present study.
Methods
Suspensions of 2-line ferrihydrite were prepared by precipitating 0.01M ferric nitrate with 1M potassium hydroxide to a final pH of 7. The initial solution contained citrate in a molar ratio citrate/Fe of 3% and was aged at 175°C in individual Teflon-lined vessels and under aerobic, dark conditions for periods ranging from 0-14 h. High-energy x-ray total scattering data were collected at beamline 11-ID-B (approximately 90 keV, λ ¼ 0.13702ð4Þ Å) at the Advanced Photon Source (APS), Argonne National Laboratory (ANL). PDFs were calculated from the Fourier transform of the reduced structure function truncated at 28 AE 0.5 Å −1 . For additional details regarding PDF analysis, and physical, chemical, and magnetic characterization, see SI Methods. Chemometric analyses included an evaluation of the dimensionality of the PDFs using the factor indicator function (IND) (49) from the results of a singular value decomposition (SVD) of the 13 PDFs. The data matrix A n×13 (n rows of atom-atom distances and 13 columns for each equilibration period) was represented as
where U is a matrix of orthogonal (basis) output vectors of unit length, S is the vector and the transposed (T) vector V is a matrix of input basis vectors. The IND function identifies the number (k) of chemically relevant vectors reproducing A. The remaining vectors are associated with extractable errors (E). The resulting A net matrix can be calculated with U m×k S k×k V T 13×k . A multivariate curve resolution (MCR) analysis (50) was carried out on the resulting A net matrix. The basis vectors U were rotated into real chemical space, and the concentration profiles of the different components were simultaneously resolved starting from initial estimates obtained from evolving factor analysis (49) . All calculations were carried out in the computational language of MA-TLAB (The Mathworks, Inc.).
MCR analysis is different from principal component analysis (PCA) because the eigenvectors of PCA are abstract whereas the vectors of MCR have a chemical meaning. MCR builds from the results of PCA or SVD (we used the latter) by rotating abstract PCA/SVD eigenvectors into real chemical space. This vector rotation procedure generates a concentration profile for each component which, in our case, corresponds to the reaction times of the ferrihydrite. The MCR method was therefore essential in extracting the intermediate ferrihydrite phase.
